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Abstract

A novel two-dimensional (2D) structurally stable carbon allotrope is proposed
using first-principles calculations, which is a promising material for water
purification and for electronic devices due to its unique porous structure and
electronic properties. Rectangular and hexagonal rings are connected with
acetylenic linkages, forming a nanoporous structure with a pore size of 6.41 Å,
which is known as T4,4,4-graphyne. This 2D sheet exhibits a direct bandgap of
0.63 eV at the M point, which originates from the pz atomic orbitals of carbon
atoms as confirmed by a tight-binding model. Importantly, T4,4,4-graphyne
is found to be energetically more preferable than the experimentally realized
β-graphdiyne, it is dynamically stable and can withstand temperatures up
to 1500 K.

Keywords: Graphyne, Semiconductor, Nanoporous structure,
First-principles calculation.

1. Introduction

Carbon atoms have been known to form a variety of structural allotropes
of different dimensionalities due to the ability of forming a large variety
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of different hybridizations, resulting in zero-dimensional fullerene [1], one-
dimensional carbon nanotube [2], two-dimensional (2D) graphene [3], and
three-dimensional diamond. Among these allotropes, graphene has attracted
tremendous attention predominantly due to its superior electronic and optical
properties [4]. Its peculiar band structure features so-called Dirac cones that
are a direct consequence of its hexagonal crystal symmetry [5], making it a
promising material for carbon-based devices [6, 7, 8]. However, graphene is
a semimetal with zero bandgap which greatly limits its application in logic
devices [9]. It is impossible to turn off a transistor if the basic material has no
bandgap. Therefore extensive work has been devoted to open up a bandgap in
graphene-like materials. These include hydrogenating graphene to graphane
[10], cutting graphene into nanoribbon [11], fabricating graphene quantum
dot [12], doping graphene with extra atoms [13, 14], and applying external
stress on graphene [15]. These approaches can create a narrow bandgap and
some of them may destroy the hexagonal honeycomb structure of graphene
and often degrades its electronic performance. Therefore, it is desirable to
search for novel 2D carbon allotropes with a direct bandgap.

Recently, graphyne structures, composed of both sp and sp2 hybridized
carbon atoms, have been investigated. Graphyne possesses various structures
[16, 17, 18, 19, 20, 21, 22, 23, 24, 25] arising from the ratio and arrangement
of sp and sp2 carbon atoms [26], which leads to very different band structures.
According to its band structure, graphyne can be classified into three classes:
(i) metal, such as R-graphyne [17]; (ii) semimetal having Dirac points which
is similar to graphene, such as α- β-, and δ-graphynes [18, 19, 20, 21]; and (iii)
semiconductor with a bandgap, such as γ-graphyne and γ-graphdiyne [27, 28].
Both γ-graphyne and γ-graphdiyne possess a direct bandgap of, respectively,
0.46 eV [27, 28, 29, 30, 31, 32] and 0.48 eV [27, 28, 33, 34] as calculated at the
Perdew-Burke-Ernzerhof (PBE) level, while with Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functionals these values are, respectively, increased to 0.96
eV [27, 28, 31, 32] and 0.89 eV [28, 35], which is comparable to that of Si.
One advantage of γ-graphyne and γ-graphdiyne over Si is that they have a
direct bandgap, which results in a higher light absorption efficiency and a
higher radiative recombination rate. From this perspective, both γ-graphyne
and γ-graphdiyne are more suitable for applications in electronic devices
than graphene [36, 37]. Moreover, γ-graphyne-n, unlike graphene, naturally
possess uniform and controllable pore-size distribution with high membrane
porosity as well as mechano-chemical stability. This unique structure enables
γ-graphyne-n to be used as a promising material in applications [27, 28], such
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as catalysis [38, 39], lithium storage [40, 41], and gas separation [42, 43, 44]
as well as water purification [45, 46, 47, 48, 49]. γ-graphyne as well as γ-
and β-graphdiynes have been already fabricated[50, 51, 52]. The successful
synthesis of new graphyne structures have inspired further search for other
2D carbon allotropes through both experimental techniques and theoretical
calculations, especially for exploring new graphyne structures with a direct
bandgap and with intrinsic subnanometer pores.

In this paper, we employ first-principles calculations to design new struc-
turally stable 2D carbon networks composed of sp and sp2 hybridized atoms.
According to its structure, we call it T4,4,4-graphyne. This 2D material is
energetically more favorable than the experimentally realized β-graphdiyne
and is found to be dynamical as well as thermal stable. Different from
graphene, T4,4,4-graphyne has a direct bandgap of 0.63 eV at the M point.
This bandgap arises from pz atomic orbitals of carbon atoms confirmed by
both orbital-projected band structure and tight-binding (TB) model. The
porous structure exhibits a periodic array of holes of diameter 6.41 Å.

2. Computational details

The first-principles calculations within the framework of density func-
tional theory (DFT) are carried out using the Vienna ab initio simulation
package (VASP) [53]. The electron exchange-correlation functional is treated
by using the generalized gradient approximation (GGA) within the PBE pa-
rameterization [54]. An energy cutoff of 520 eV for the plane wave basis with
an energy precision of 10−5 eV is adopted for all the calculations. The first
Brillouin zone (BZ) is sampled with a 15 × 15 × 1 Γ-centered Monkhorst-
Pack grid. During geometry optimization, both atomic positions and lattice
vectors are fully optimized using the conjugate gradient scheme until the
maximum force on each atom is less than 0.01 eV/Å. To avoid image inter-
actions from the periodic boundary condition, a large vacuum space of at
least 17 Å is applied to the perpendicular direction of the 2D layer. Phonon
calculations by the supercell approach as implemented in the PHONOPY
code [55] are used to evaluate the dynamical stability.

3. Numerical results and discussions

3.1. Structure and stability
The optimized crystal structure of the 2D carbon allotrope monolayer is

shown in Fig. 1(a). The top view shows that the monolayer is composed of
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hexagonal carbon rings surrounded by three rectangular carbon rings [56] and
triple bonds of carbon. According to the name rules [26], it should be called
4, 4, 4-graphyne. As it belongs to the 2D trigonal lattice, we call it T4,4,4-
graphyne. Besides the carbon atoms (sp) in the triple bonds, the other carbon
atoms are sp2. It is noted that T4,4,4-graphyne exhibits slightly distorted bond
lengths and bond angles when compared with the regular bond parameters
formed by sp and sp2 hybridization in graphene and graphynes [26]. For
example, the bond angle between the neighboring single bond and triple
bond is 170.3◦ and the four angles in rectangular rings are not 90◦. The
triple bond length (d1 = 1.253 Å) is close to the sp hybridized bond length of
the previous investigated graphyne structures (1.21 ∼ 1.24 Å) [57], shorter
than the rest of bond lengths, namely, d2 = 1.343 Å, d3 = 1.507 Å, d4 = 1.459
Å, d5 = 1.466 Å, and d6 = 1.378 Å, due to the stabilization effect of the triple
bonds. Moreover, d2−d6 do not deviate significantly from the sp2 hybridized
bond length of graphene (1.42 Å), due to retaining the close sp2 hybridization
of these carbon atoms.

The T4,4,4-graphyne monolayer can be described by the plane group p-6m2
(space group no. 187) with an optimized lattice constant of a = b = 9.292
Å and its unit cell contains 18 carbon atoms as shown by the blue dashed
quadrangle in Fig. 1(a). Importantly, it shows a nanoporous structure and
the pore diameter of the circumcircle is about l = 6.41 Å, close to that of bare
γ-graphyne-3 (6.9 Å) which has been proposed for seawater desalination [45,
46]. The filter application results from the diameter of hydration structures
of ions which is larger than the pore size of the single-layer γ-graphyne-3
membranes, so that ion passage is blocked, whereas water unimpeded flows
through the membrane due to its smaller size. Moreover, it is demonstrated
that the salt rejection decreases with increasing n for pristine γ-graphyne-n
when n ≥ 3 [46], suggesting that the pore size of T4,4,4-grahpyne sheet is most
suitable for water purification. Recently, it is also found that hydrogenated α-
graphyne and γ-graphyne-n with 2 ≤ n ≤ 4 membranes exhibit an improved
salt rejection performance as compared to the pristine one due to their lower
pore area [47]. Thus, monolayer T4,4,4-graphyne is expected to have great
potential as a membrane for water purification.

Due to the presence of sp-hybridized carbon atoms, graphyne monolay-
ers are energetically less favorable than graphene. Here, we compare the
total energy Et of T4,4,4-graphyne with that of some 2D carbon allotropes
to evaluate the energetic stability of T4,4,4-graphyne. So far, γ-graphyne as
well as γ- and β-graphdiynes have been realized experimentally [50, 51, 52],
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which possess respectively Et = −8.58, −8.49, and −8.31 eV/atom. In con-
trast, the Et of T4,4,4-graphyne is −8.44 eV/atom, which is comparable to
that of γ-graphdiyne and much lower than that of β-graphdiyne. The en-
ergetic favorability of T4,4,4-graphyne over β-graphdiyne is ascribed to the
presence of hexagonal carbon rings. This is promising for future realization
of T4,4,4-graphyne.

To confirm the dynamic stability, we calculated the phonon spectrum of
monolayer T4,4,4-graphyne. Fig. 1(b) clearly shows that the phonon spectrum
is free from imaginary phonon modes along the highly symmetric direction
in the first BZ, confirming the dynamical stability of T4,4,4-graphyne. To
further check the thermal stability, first-principles MD simulations are per-
formed using the Nosé-Hoover method [53] at different temperatures with the
time scale of 1 fs, as shown in Fig. 2. It shows that the Et of T4,4,4-graphyne
monolayer with 3×3×1 supercell is stable throughout the simulation. Snap-
shots of the geometries at the end of 5 ps simulations show that the carbon
atoms of T4,4,4-graphyne are slightly displaced from their equilibrium posi-
tions at temperature up to 1500 K. However, the well-preserved geometry
of T4,4,4-graphyne monolayer at such high temperature suggests that T4,4,4-
graphyne is thermal stable and therefore has great potential for applications
at high temperature.

3.2. Band structure

The electronic band structures of monolayer T4,4,4-graphyne along the
high symmetry lines in the first BZ is shown in Fig. 3. The solid curves
formed by spheres represent the orbital-projected band structure calculated
at the PBE level, where blue and pink solid curves arise from the contribu-
tions of pz and s+px +py atomic orbitals of carbon atoms, respectively. It is
clear that T4,4,4-graphyne has a direct bandgap of 0.34 eV (PBE) at the M
point, indicating that T4,4,4-graphyne is a direct gap semiconductor, similar
to γ-graphyne which has a direct bandgap of 0.46 eV (PBE) at the same
point [29, 30, 31, 32]. The energy bands close to the Fermi level originate
from pz atomic orbitals of the carbon atoms, and the couplings between pz
orbitals lead to the formation of a π-conjugated framework. For 2D carbon
allotropes with Dirac band structures, the energy bands close to the Fermi
level come from the contributions of pz atomic orbitals, such as in the case
of α-, β-, and H4,4,4-graphynes. Besides monolayer γ-graphyne-n, graphyne
structures with a direct bandgap are rare.

5



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

We adopt a simple TB Hamiltonian of π-electron of T4,4,4-graphyne fol-
lowing Ref. [58]

H =
∑
i

εic
+
i ci −

∑
<i,j>

tij
(
c+i ci + h.c.

)
, (1)

where εi, c
+
i , and ci are, respectively, the on-site energy, creation operator,

and annihilation operator of an electron at ith atom, and tij is the hopping
energy of an electron between the ith and jth atoms. For simplicity, we omit
the on-site energy difference of an electron in different hybridized carbon
atoms and set it as zero in the calculation. According to the nearest-neighbor
approximation, the distance-dependent hopping parameters can be classified
into six types and determined by the formula ti = t0e

q·(1−di/d0) [59] with
i = 1, 2, · · · , 6, where t0 = 2.7 eV, q = 2.2, and d0 = 1.5 Å. In this way, the
electronic band structure of T4,4,4-graphyne can be obtained by diagonalizing
the Hamiltonian which becomes a 18 × 18 dimensional matrix in reciprocal
space. The results are presented in Fig. 3 by the green dashed curves. The
electronic band structure calculated by the TB model is in good agreement
with that of our DFT calculation in the vicinity of the Fermi level, especially
the direct bandgap at the M point. For γ-graphyne and γ-graphdiyne, the TB
model shows that its bandgap originates from the difference of the hopping
parameters and a Dirac point appears when all hopping parameters have the
same value [58, 60]. However, our TB results show that the Dirac point is
still absent when an homogeneous hopping parameter is adopted (see Fig.
S1 in supplementary information). This indicates that the bandgap of T4,4,4-
graphyne comes from its peculiar periodic structure.

It is well known that the DFT-PBE calculations usually underestimate
the bandgap of semiconductors when compared with experiment. For this
reason, we use the more sophisticated HSE06 [61, 62] hybrid functionals,
which gives more accurate prediction of semiconductor bandgap. The calcu-
lation result is shown in Fig. 4, which is similar to that of PBE calculation,
except for a larger bandgap of 0.63 eV. This confirms that T4,4,4-graphyne
has potential applications in semiconductor electronic devices.

4. Conclusions

By using first-principles calculations in combination with a TB model,
we predict a new carbon monolayer called T4,4,4-graphyne which is a direct
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semiconductor with: 1) a nanoporous structure with pore size of 6.41 Å, 2)
has a high stability, and 3) a direct bandgap of 0.63 eV. The nanoporous
structure has potential applications for water purification. The structural
stability is confirmed by our comprehensive study of the energetic, dynamic,
and thermal properties of T4,4,4-graphyne. The direct bandgap, originating
from pz atomic orbitals of carbon atoms, makes T4,4,4-graphyne a promising
material for semiconductor electronic devices. A simple TB model was con-
structed and it shows that the origin of the bandgap is the peculiar periodic
structure of T4,4,4-graphyne, which is different from that of γ-graphyne and
γ-graphdiyne.
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Figure captions

Fig.1: (a) Structure of T4,4,4-graphyne monolayer in top and side view. The
brown spheres and sticks represent atoms and bonds, respectively, d1-d6 de-
note six different bond lengths, l labels the diameter of circumcircle of 18-
carbon ring, and the blue dashed quadrangle indicates the unite cell. (b)
Phonon dispersion curves of T4,4,4-graphyne monolayer with 3× 3× 1 super-
cell.

Fig.2: Thermal stability of T4,4,4-graphyne. (a)-(c) Total energy fluctuations
of T4,4,4-graphyne monolayer at 500 K, 1000 K, and 1500 K, respectively.
(d)-(e) The corresponding snapshots (top view) for equilibrium structures of
T4,4,4-graphyne monolayer at the end of 5 ps MD simulations.

Fig.3: Orbital-projected band structure of monolayer T4,4,4-graphyne from
PBE calculation (solid curves) in which the blue and pink solid curves rep-
resent the contributions from pz and s + px + py atomic orbitals of carbon
atoms, respectively. The band structure of monolayer T4,4,4-graphyne from
TB model is depicted by green dashed curves.

Fig.4: Band structures of monolayer T4,4,4-graphyne from HSE06 calcula-
tion.
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Figure 1: (Color online) (a) Structure of T4,4,4-graphyne monolayer in top and side view.
The brown spheres and sticks represent atoms and bonds, respectively, d1-d6 denote six
different bond lengths, l labels the diameter of circumcircle of 18-carbon ring, and the
blue dashed quadrangle indicates the unite cell. (b) Phonon dispersion curves of T4,4,4-
graphyne monolayer with 3 × 3 × 1 supercell.
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(d) (f)(e)

(b)(a) (c)T= 500 K T= 1500 KT= 1000 K

Figure 2: (Color online) Thermal stability of T4,4,4-graphyne. (a)-(c) Total energy fluctua-
tions of T4,4,4-graphyne monolayer at 500 K, 1000 K, and 1500 K, respectively. (d)-(e) The
corresponding snapshots (top view) for equilibrium structures of T4,4,4-graphyne mono-
layer at the end of 5 ps MD simulations.

E
g
=0.34 eV

Figure 3: (Color online) Orbital-projected band structure of monolayer T4,4,4-graphyne
from PBE calculation (solid curves) in which the blue and pink solid curves represent the
contributions from pz and s + px + py atomic orbitals of carbon atoms, respectively. The
band structure of monolayer T4,4,4-graphyne from TB model is depicted by green dashed
curves.
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E
g 
= 0.63 eV

Figure 4: (Color online) Band structures of monolayer T4,4,4-graphyne from HSE06 cal-
culation.
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Highlights

> Forming a nanoporous structure with a pore size of 6.41 Å. > Exhibiting a direct bandgap of

0.63 eV. > A promising material for water purification and for electronic devices. > Energetically

more preferable than the experimentally realized β-graphdiyne.


